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I. Introduction

Geretic epidemiologyis increasinglyfo cused onthe studyo f commondiseases with bo th geretic and
environmental determinarts. The concept o f gene-ervironmert irteractionis becominga central theme in
epicemiologic studes thatassess causes o f humandisease inpo pulations (1). Advanc esin genetic tec hnology andthe
work ofthe Human Genome Pr oject will make it ea sier for the studyo f gene-emvironmert interactionto becomean
integral part o f epicemiologic research Inthis paper, we review epidemiologic concepts and defintio s appliedto
gene-envi ronmert irnteraction and gi ve an overviewo f bo th traditio ml and emergi ng appr oaches to the studyo f gere-

environmert irteractioninepidemiologicresearch

I1. Co nc epts andMeasuremernt o f Interaction in Epidemiology
A. Evolvingepidemiologic concepts and definitio rs o f irteraction

Over the last two decades, there ha s beenmuch disc ussion about how to defire and mea sure interactionin
epicemiologic studies (2-12). Much ofthisdiscussion focused on derivingthe expressionfor the relative riskfor
disease asso ciated with exposure to multiple factors whenthe joirt effectsofthese factors act thr ough the same
pathogenetic pathway. Two major definitiors o firteraction exist:statigical and biological (epidemiologic)
irteraction. From statigical perspective, the interaction oftwo or mor er ikfactor sissmplythe coefficiert o f
product term o f'these risk factors. Interactionis thus measuredinterms o f a departure from a multiplicative model
(27). The use o f statigical irteraction has several advantages:it has conveniernt statigical properties; it hasthe atility
to assessthe extert o f urkmo wnconfoundi ng or bias; andit is easyto finda parsimono us models by keeping
statigical irnteractiors to a minimum (10). However, this method o f mea suringinteraction has beencritic ized as
ignor ing any corsideration of whatcorstitutes irteraction or synergy onthe bio logical level, and as beinginherently
arbitrary and model-dependent (78, 12).

Inbio logical irteraction model, irteractionbetweentwo factors is definedas their coparticipationinthe
samecausnil mechanism to the disease development (3, 8). Interactionis mea suredinterms o f a departure from an
additive model (8). Inthis model, atanindividual level, a causal irteraction effectcanbe undersood by a hypothetical

contrasg ofthe outcome ofa single subjectunder different expo sureconditioms to dewelopa disease. For example,



assuming two dichotomousriskfactrs (A and B) ofa disease, a perso nwo uld developthe disease atage 70 if
exposedto Aoy, atage 60 if exposedto Bonly, and atage o f50if exposedto both riskfactors. The portion ofthe
advance from 60 years o fage to 50 years o f age is calledthe irteraction effect of A and B exposure. At the po pulation
level, if two factors can cause a disease, so mecases o f disease will involve exposure to both riskfactors. Inthe
absenc e ofeither factors, these cases would notoccur (12). Several mea surements andtheir confidence intervals were
develo pedto mea sure the departure from an additive model: relative exc essriskdie to irteraction, and attributable
proportiondue to irteraction (8, 13-14). Studies also suggestedthatassessinginteraction as departure from additivity
isuseful inassessingthe public health implications indiseases prevertionandinindividual decision makingin

comsideringexposure to certain risk factors, suchas smoking and al cohol (15).

B. Gene-environmert irteraction

There is accumulatingevidencethatallelic variations ofmany gene locimay playimportant roles in
determiningindividual susceptibilityto cancer (16-20) and other chronic diseases (2123). Inassessingthe role of
susceptibilityalleles indisease risk ore should consider the effec ts o f gene-envi ronmert interactionindisease
etiology. Gene-envi ronmert irteraction maybe measuredbythe differert effect ofan exposure ondisease riskamong
individuals with different geno types or bythe dfferert effectofa geno type o ndsease riskamongindividuals with
differert expo sures (24-25).

The concept o f gene-environmert interaction has longbeenrecognizedby genetic ists (26), and occupiedan
essertial place in ecogenetic studies which examire the geretically determineddifferenc esamongindivi duals intheir
susceptibilityto emvironmental risk factors (27-29). Inrecent years, an epidemiologic framework for evaluating gene-
environmert irteraction has beenpropo sed (24, 30-32). Ina simple gene-envi ronmert interaction model, inwhich
both the susc eptibility gero type ata single locusandthe emvironmernt expo surear econsidered di chotomous, onecan
corstructan extended 2-by-2 table incorporating geretic and environment factors instudyingdisease etiology (24).
Table 1 sho ws a simple gene-envi ronmert irteraction model inthe cortext o f epicemiologic studes. For this simple
model, it is assumedthatunexpo sedindividuals witho ut the susceptibility gero type havea cer tain backgr ound riskfor
disease L. R, refersto the relative riskfor disease among people without the susc eptibility gero type for disease who
are expo sedto the emironmental riskfactor red ative to those with neither the susceptibility geno type mo r exposure. R,
refersto the relative riskamong people with the susceptibility gero type who are not expo sedto the ermronmental
riskfactor rd ative to those with neither the susceptibility gero type nor exposure. R, isthe ratio ofdisease risk
among expo sedpeo ple with susceptibilitygero type to disease riskamongunexpo sedpeo ple without the susc eptibility
geno type. This ratio reflec tsthe strengh o f the gere-emvironmert interaction.

Basedo nthis simple gene-envi ronmert interaction model, the effec tso fsix biologically plausible patterns of

irteraction onthe relative risko f disease has beenpropo sed(24)(Table 2). Intype | interaction the increa sed risko f



diseases was o nly observed when both genetic and environmental factors coparticipate inthe same pathogenetic
mechanism, either the geno type alone nor the exposurealone causesexc essrisk(i.e., R, = R, =1). Intype 2
irteraction, environmental expo sure increa sesriskinindividual without the c orrespo nding geno type. Intype 3
irteraction the gero type (R, > 1) is asso ciated with increa sed disease risk whereasthe exposurealone ismo t. Intype
4 interaction, both the geno type andthe environmental exposurear eeachasso ciated with exc essrisko f disease (R, >
I, R.,>1). Type 5 and 6 interaction occur whenthere is areversal of the geno type:s effect, dependingonthe presence
or absenc e ofthe environmert. Inthis case, the gero type is pr otective inthe absenc e ofthe environment (R, <1), but
is deleterious inthe presenc e of'the environment (R, > 1). Ottman (31) also propo seda similar model o f studying
gene-environmert irteractioninetio logy of disease. Thisis a simplified gene-emvironmert irteraction model, the
effec tsof gene-envi ronmert irteraction onthe mea sured pheno type are further complicatedbythe mimber of geretic
lociinvolved and multiple environmental expo sure factors, the moderation of'the genetic effec ts, the dose o fthe
environmental exposure, andthe presence ofetiologic heterogeneity (24, 31).  Most studes have evaluated gene-
environmert irteractioninterms o f the ceparture from tho se predictedbythe multiplicative model (33-34). Some
investigator s have suggestedthat many biologically plausible modes o f geneenvironmert irteraction i nvolve extreme
departures from multiplicative effec ts (35). For example, reither phemnylalanine hydroxylase deficiency al one nor
exposure to phenylalanire inthe diet cause phemnylketormria (PKU); both must be presert for PKU to develo p (24).
The gene-environmernt interaction may also be evaluatedinterms o f the departure from those predictedbythe additive

model.

II1. Gene-Environment Interaction in Traditional Epidemiologic Studies
A. Strategies

The main emphasis o f geneemvironmert interactionstudesismot to local ze the dsease susceptibility genes
or to findthe itheritance patterns ofthe diseases, but rather to better understandthe etio logy and pathogenesis o f the
diseases thr ough quartitative a ssessmert o f diseases risks invarious po pulations (24, 31-32, 36-37).

Two types o f geretic markers are usedingene-environmert interactionstudies: markers basedo ndirect
analysis o f the DNA, and markers basedo ngene productssuch asspecific Hood gr oups HLA antigers, serum
pr oteins, and enzyme systems. When genetic markers are notavailable, familyhistory data areso metimes usedas a
rough indicator ofgenetic susc eptibility though there isa potertial for significant misclassificationinusing family
history data in genetic epidemiologic studies (3839).

With rapidadvancesand progress inmolecular genetic tec hnology and human genome pr oject, the nmmber of
genetic markers and polymorphisms for all genes inhuman available for researchwill increa se rapidlyinthe near

future. The studes o f gere-envi ronmert irteractions are mo st meaningful when appliedto functionally significant



variations in candi date genes which havea clear biological relationto or suspected o f playi ng some role inthe

pathogenesis o f dsease (4041).

B. Studydesign

If ore views the gene-emvironmert interaction as the geretic control of sersitivityto the emvironmental
exposure, and genetic factors are regarded asore of'the host charactr istics, then gene-environmert interaction canbe
analyzed thr ough the use o f'the traditio ml epidemiologic study design: cohor t,cr oss-sectional, and case-control
studies.

When arelativelyhigh mumber of po lymorphic markers are located clos to candi date gene loci, the case-
control approachis a po pular and effective means by whic h to study di fferenc esin genetic susc eptibilityand gene-
environmert irteraction (24, 33). Ina case-control design the geretic markers and relevant environmental risk factors
areeach examinedas independent predictors o f dsease and as interacting factors with the emironmental expo sures.
The odds ratio of gene-environmert interaction (R, ) canbe calculated as sho wninTable 1. Examples o frecent case-
control studies include a studyo f irteraction effec ts betweenmaternal cigarette smoking and a transformi ng growth
facor alpha (TGF A) po lymorphism andthe risko foral clefts (42). The o dk ratios for the exposure to smoki ng
alone, or the TGF A gero type alonearecl ose to urnty, whereasthe combined odds ratio for smoking andthe gero type
i 5.5 (95%C.I. 2.1-14.6), indi cating evi denc e of gene-environmert interaction for risko foral clefts ino ffspring
42).

Ina cohortstudydesign the emvironmental exposures and genetic risk factors are mea sured for all subjects
atthe s¢art of follow-up (baselire) and po ssibly during follow-up. Despite o f so me major strenghs o f cohor tstudy
design(discassoccursor is cetected after subjectsar e l ected, and minimizedselectionbias), few cohor tstudies
usedgeretic markersto test for effec tsof gene-environmert interactionindisease etiology. It is partlydie to the fact
that the rapid de velo pmert o f molecular techniquesare onlyseenrecently andthe mainstream ofgenetic analysis are
to fidthe disease susceptibility genes. With the advanc esin molecular techniquesandthe findings o f morecandidate
genes, ore wo uld expect to see increa sing nu mber of cohor tstudies to examine gene-environmert irteraction.

Incrosssectional design the investigator s randomly sample a set ofindi viduals from a study po pulation
thr ough a single ascertainmert o f disease prevalence. Individuals with different geretic and environment risk
characfer stics are compared with respect to the prevalence ofthe conditio n, and gene-envi ronmert interaction can
also be tested(24). Anexample is the cross-sectional WHO-cardiac studyo f gene-environment inhypertersio n,
stroke and atherosclerosis (43). Althoughcross-sectional designs are less time-consuming and able to examine many
exposures and di sease inthe same study, the limitation ofcrosssectional designfo r making causal inferenc esmade
its designless popular inthe studyo f gene-emvironmert interaction.

A mumber of casecontrol studies are includinga familial compo rert, for example, a familyhistory ofthe



disease studied The designs and some problemsofthe case-control studies incorporating familyhistory are disc ussed
inthe epidemiologic literature (1, 34, 44). The studyo f familial aggregationincase-control studies canbe extended

byincorporatingenvironmental covariatesandtheir irteraction with familyhistory (45).

C.ChoiceofControls:Po pulation vs F amilies

Inassessing gene-environmert irteraction, investigators canselectcontrol subjec tseither from the general
population or from families, dependingo nthe purpose o fthe study. If the imvestigator s are a ssessingthe prevalence of
disease susceptibility gero types inthe gereral po pulation and examiningthe interactions ofthose geno types with
environmental exposures for the risko f a disease concerned, investigatorsshoulduse a population-basedstudy design
to choos control subjects.

Investigator s assessing familial aggregation ofa disease, evaluating whether suchaggregationis caused by
the presence of gene-envi ronmert irteraction shouldselectcontrol subjec ts from family-based study desi gns.
Because the purpo se o fthe studyismt to make inferencesto the general po pulation but to examire the familial
aggregation ofa disease. The family members are the only appropriate control subjec tswhic h will provide relevant

info rmation for the parpo se o f'study(1).

D. Methodologic Issues inassessing gene-environmert interaction
Misspecification

Inthe presence of gene-environmert interaction, quartifyingthe main effec tsofenvironmental facor al one
or genetic factor alonecan leadto misspecification o fthe studymodel, and may miss important cluesto the etiology

ofdisease (46).

Errors o f emvironmental expo sure mea surement

Prec ise mea suremert o f anindi vidu al=s expo sure to environmental riskfactors are shown to be
difficultybecause o f the individual=s i gnoranc e of previo us o ppo rtunityfo r expo sure, the c omplex pattern ofmo st
long-term expo sures, the lack of good biological indicators o f expo sure levels, andthe lack o f sufficiert sourcesto
collectindividual exposure data on large po pulations (45). Inthe studyo f gene-environmert irteraction the
consequenc es o fenvironmental expo sure mismea surement can leadto biasinthe estimation o finteraction effectsand
po ssible lo ss o f prec ision and power with which irteraction effectsar e etimated (24). Nondi fferential
misclasificationis usuallybiasedto wardthe mill value, and di fferential misclassification may producebiasedresults
ineither direction. Inaditionto the errors o f emvironmental expo sure mea suremert, the timingofexposure duringa
developmentallyimportant window isalso important inexamining gene-environmert interaction For example, the

timing o f'the expo sure to environmental exposure duringthe pregnancy andthe developmert o f a birth defect for a



genetically susceptible fetus.

Geno type misclassification

When mea suring indi viduals= geno types at the DNA level, misclassification can occur because o f li nkage
disequilibrium (24, 47). Until a comprehensive catal og ofcommon variarts o f all genes is develo ped, investigator s
must rely on genetic markers inthe regono f the candi date genes or ina nonexpressed po rtion ofthe genes ino rder to
condu ct many DN A marker-disease asso ciationstudies. Under these cir cumstanc es, the o bserved di fferenc esin
prevalence ofa marker allele betweencase and compariso ngr oupscoul dke a r esul t ofl ida g dsequil itr ium unless
theactual sites o f a deleterious variationinvolvedinthe disease are targeted (24, 4849). Under li nkage
disequilibrium, No ndi fferertial misclassification can occur, andthis misclassification may bias estimatesofrelative
riskto wardthe mull (i.e. OR=1). Individual geno types can also be mea sured by i ndi rect method. Fo r example, some
investigator s used dapso re loadi ng followed by u rinary mea suremerts o f different metabolitesto classifysubjectsas
slow or fast acetylators ina case-control studyo f bladder cancer (50-51). Such indi rect mea sures can leadto
misclassification ofthe underlyi ng geno types o f individuals. This type o f misclassificationis o ftenindependent and
nondi fferertial. However, the argumert thatindependent and nondi fferertial mea suremert errors producedbias o nly
towardthe mll may notapplyto assessments o f gene-environmert interaction As with all types o f irteractions,
independent and nondi fferential misclassification maybias interaction estimatesin any direction (12). Occasio mally,
geno type misclassification maybe differertial if the mea surement methodis affected by disease sta tusitselfor ifa
near by gene is asso ciated with the disease; such differertial misclassification will further complic a te the a ssessment

of gene-environmert interaction(1).

Co nfo unding

Co nfoundingis a major problem inevaluating gene-envi ronmert irteraction It caninvolve po pulation
subgr oups with dfferent genetic markers and disease frequenc ies. Unmea sured genetic determinants and
environmental exposures can eachactas confounders thatcould produc e spuriousasociations. Raceor ehnicityis
animportart source ofconfoundinginstudies o f gene-environmert interaction (52). One example is the reported
asso ciationbetweenthe geretic marker Gm3;5;13;14 and non-imsulindependent diabetes mellitus amongthe Pima
Indians (53). Ina cross-sectional studyo f thisasso ciation, individuals with the geretic marker Gm3;5;13;14 were
foundto have a higher prevalencer atio ofthe disease thantho se without the marker (2%% vs.8%). This marker,
however, turned out to be anindex ofwhite admixture. Whenthe subjectsofthe analysis were stratifiedbydegree of

admixture, the higher prevalence ofdiabetes asso ciated with the marker disappeared.

Confoundingo f irteraction and do se-respo rse



Intraditio ml epidemiologic studies, do sexespo mse relations refer to the changes inrisk produced by changes
ina single exposure, andinteraction refersto changes inrisk produced by t wo or mor e expo sures. Do se-respo rse
relations andinteraction maytendto confound one another (54). Inassessmerts o f the effect of gene-envi ronment
irteraction ondisease risk the riskindisease asso ciated with a certain geno type may vary depending onthe
environmental exposure, or the riskmay be restrictedto expo sedperso rs o nly. Similarly, the effec tsofenvi ronmental
exposures may vary dependi ngonthe gero type o f the expo sedperso n(25). For example, peo ple who ar eslow
acetylators o f Nacetyltransferase 2 (NAT2) haveanincreased riskfo r bladder cancer ,andthe riskfor bladder cancer
asso ciated with smoki ng may vary by NAT2 sta tus (55). For slow acetylators o f NAT2, current smoki ng and smoki ng
inthe distant past increased breag cancer rikina dose-dependent manner. Tho se inthe highest quartile (heavy
smokers inthe study) o f cigarettes smoked 2 years previo usly were 4.4 (95% CI, 1.3-14.8) times mor el kelyto
developbreagcancer thantho se who rever smoked (56). Failure to adequately model do se-respo rse relations can

leadto bias ingene-environmert interaction estima tes.

Sample size requiremerts fo r mea suri ng gene-environmert interaction

Inan epicemiologic studyo f a given sample size, the po wer to detect gatigical irteractions is less thanthe
po wer to detect main effec ts, a dthe varianc e ofthe interaction estimate will also be greater thanthe variance ofthe
main effec ts estima te under a no-irteraction model (7, 57-58). Several investigators examiredthe sample size and
po wer calculation neededto detect gene-environmert interactionincase-control studies (59-61). The data neededto
calculate the sample size requiredto detect gene-environmert irteraction canbe sho wnbya 2-by<4 table asis d e in
Table 3. This table lists six parameters: 1) The o dd ratio ofinteraction (R ); 2) The odds ratio ofhavingthe disease
among expo sedindividuals witho ut the susceptible geno type relative to tho se with reither the susceptibility geno type
nor exposure (R.); 3) the o dk ratio ofhavingthe disease among people with susceptible geno type but without
environmental exposure relative to those with reither the susceptibility gero type o r exposure (R,); 4) the prevalence
ofexposure inthe population(e); 5) the prevalenc e ofthe geno type inthe po pulation (g) ; 6) the cas/control ratio
(5960). The results o f several studies have suggestedthat whenthe frequency ofexposure is ot extremely low or
high,andthe susceptible geno type is common, a modest sample size will be adequate to detec t gene-envi ronment
irteraction For example, whenthe frequency ofexposureandthe prevalenc e ofthe geno type bo th range between30%
to 70%, about 200 case subjectsand 400 control subjects (for cax/control ratio 12) shouldbe adequate to detectan
0dds ratio of gene-environmert interaction (R,.) greater than4 with 80%statigical po wer (60). However, the
susceptible geno types for many common diseases are relatively rare, with prevalenceranging from 1 to 5% and both
the geno type alone (R,) and exposurealone (R.) have moderate effectson riskfor disease. For example, the frequency

ofthe BRCAI 185deIAG among Ashkenazi Jews (62) is about 1%, andthe o db ratiosfor BRCA1 (R,) isabout 2



(38, 63); therefore, arelatively large mmmber of case and control subjectsar encededto detect gene-environment
irteraction(usually mor ethan 1,000 cases)(60). With such diseases, alternative approachs to ctecting gene-
environmert irteraction maybe reeded These approaches include 2tier sampling strategies (64-65), family or

sibli ng-based designs (61), and case-only designs (66).

IV Ge ne-environment Interaction in Nontraditional Epidemiologic Studies

Corcerns about selec ting appropriate control subjectsfor casecontrol studes have ledto the cwlo pment
o fseveral nontraditio mal approaches inthe studyo f geretic factors indisease (1, 34). These appr oaches involve the
use ofaninternal control grouprather than an external one. We will reviewthree o fthese nontraditio mal appr oaches
indetecting gene-envi ronmert interaction: 1) the case-onlystudy, 2) the case-parental control study, and3) the
affected relativepar study. Except for the case-only design, these no ntraditio ml appr oaches were not develo pedwith
the irtertio no f evaluating gene-envi ronmert irteraction. Table 4 summarizes the features o f these studes, ircluding
their assumptio 1s, strengths, and limitations. Wealso brieflyreviewuse o f the twinstudyto evaluate gene-

environmer interaction.

A. Case-onlystudies

The case-only designhas beenpromoted as an efficient and valid appr oach to screeni ng for gene-
environmert irteractionunder the a ssumptio no f independence betweenexpo sure and geno type inthe po pulation (67-
68). If o re=s primaryirnterest is inassessingpo ssible interactionbetweengenetic and environmental factorsinthe
etiology ofa disease, o re may do so without employing control subjec ts. The basic set up for a case-onlydesignis a
2-by-2 table (Table 5). The o dk ratio calculated from a case-only designis relatedto the odds ratios for the exposure

alone, the geno type alone, andtheir joirt effectsinthe case-control designbythe fo llowing formula:

OR, = Rye/(R.*Ry) * OR,,

where OR, isthe case-only odds ratio,and OR_, isthe odds ratio among control subjectsrelatingthe expo sureand
the susceptibility gerno type. Assumingindependence betweenthe gero type andthe expo sure inthe po pulation the
expected value of OR,, becomes unity, andthe o dds ratio ottained from a case-only study mea sures the departure
from the multiplicative joirt effect ofthe geno type andthe expo sure. Under the null hypo thesis, OR ., = 1; OR_, >1if
the joirt effect ismor ethan multiplicative; and OR,, <1 ifthe joirt effect isless than multiplicative (e.g, additive)
(34). Confidenceintervals o f case-only odds ratio canbe obtained byusingstandard crude analyses o r logistic models

thatcontrol for the effec tsofother covaria tes.



Table 6 sho ws cata ffom a case-control studyo f the asso ciationbetween cleft palate, maternal smoki ng and
TGF A po lymorphism derived from Hwang etal. (42). The case-only OR,, o f 5.1 (95% CI, 1.5-18.5) calculated from
Hwang etal. (42) canbe compared with the odds ratio ofthe interaction 5.5 (95% CI 2.1-14.6) derived from their
case-control study. Both oddratio s suggest a significart interactionbetween TGF A po lymor phism and ma ternal
smokinginthe riskfor cleft palate amongthe o ffspring Studyhas sho wnthat the case-only desi gnrequires fewer case
subjectsthan casecontrol designto detect gene-environmert interaction (66).

Inapplyingthe case-onlydesignto test gere-environmert interaction, investigator s assume independence of
the distributiono f expo sure and geno type inthe po pulation This assumptio nmayseem reasonable for awide variety
ofgenes and expo sures, but therear e ome genes who se presence may be asso ciated with a higher or lower likelihood
ofthe exposure onthe basis o f some biologic mechanisms (34). The gene-emvironmert irteraction (OR.,) derived
from a case-only desi gnassumes a departure from multiplicative effec ts. Studes have shown that many biologically
plausible modes o f gene-environmert irnteractioninvolvea departure from multiplicative effec ts (35). If the true
underlying model ofjoirt effectisadditive, the o dk ratio ofinteraction (OR_,) derived from a case-only designis

questionable.

B. Caseparental control studes

The caseparental designmaybe an effective method ofdealingwith the effectsofconfoundi ng by
populationstratification (69-71). Inadditio n, whendisease alleles are common and have modest effects an
asso ciation study may provide a mor e sersitive test for linkage betweengeretic markers and di sease susceptibility
genes thanthe classical linkageanalysis (41). Several methods (72-77) combire the advantages o f li nkage and
population asso ciation analyses and also take irto accourt the effect ofconfoundi ng. All these methods corsider the
alleles foundinthe parerts o f an affec ted o ffspring and compare transmitted and u nt ransmitted alleles o f parerts to
the a fec ted o ffspring (transmissio rf dsequilibrium test). Ivestigator s usingthese methods can compare the geno type
ofthe affected o ffspringwith the gero type o f a fictitiouscontrol subectcarryingthe no ntransmitted alleles from each
parent. The 2-by2 table usedinsucha compariso nis showninTable 7. Odds ratioscanbe calculated in an analysis
followingthatofa matched-par design (34). To test gene-emvironmert interaction, investigator s canstratifycase
subjectsaccordingto their environmental exposure sta tus (presenceor absence) and canuse the dfference ofodds
ratios cerivedwith and without the environmental expo sure asanindication ofdeparture from multiplicative
irteraction (34).

One limitation o f'this method couldbe that the Acontrol@ gr oupmay not be represertative o fthe underlyi ng
populationatriskespecial | ywhencer tainpar ertal gmtypesa ssociatedwith dsea se sta tus mayinterfere with
reproduction. Inother study (78), investigator s propo sedusinga noniterative method, which compares riskamong

those with a specific geno type with the riskamongtho se with a compariso ngeno type. To study gene-environment



irteraction, investigafors canstratifyonthe emmronmental factor to obtainstratum-specific estimatesofthe disease-
gene asociation, andthe difference inthe stratum-specific esima tesreflect gene-envi ronmert interaction (78).

The need for thear erts o fthe case subjec tsto be gemo typedis another limitation ofcase-parental approach
The parental marker data may not be available for somecase subjec ts, especallyinstudes o f the geretic etiology of
diseases with older ageat orset. Ino ther studies, investigator s develo peda methodu sing marker info rmation on all

members o famclear fimilyto infer the probabilitydistributiono f missingparental marker data (79).

C. Affected relativepar studes

The thirdtype o f mo rtraditio mal epidemiologic methodthatcanbe usedto test gere-emvironmert interactionis the
affected sibpar or affected relative-par method (80-84). Insibpar analysis, investigators determire whether each
sibpar shares 0, 1, or 2 alleles idertical by descent (IBD) ata locus o firterest. Under random segregation the
expecteddistributiono f sharing0, 1, or 2 alleles is 25%50%25%betweentwo siblings IBD. Departure from this
distributio nsuggests linkage betweenthe disease andthe marker lo c us (84).

Incontrast to the c ase-only and case-parental appr oaches, the sibpar methodis primarilyusedto test for
genetic linkage whenthe geretic model underlyingthe disease is not kno wn, especallyfor the diseases imo lving
complextraits (1). The sibpar methods canbe incorporatedinto family-basedepidemiologic studies (cohortand
case-control designs):such incorporation allows investigatorsto control for suspected nongenetic risk factors andto
test for gene-environmert interactioninsear ching for genetic linkage (85-86). To look for gene-envi ronment
irteractionusingthis method, investigator s canstratifythe affected individuals bytheir exposure statusor incorporate
the gene-envi ronmert interactionterm ina multivariate analysis. For example, theycanuse logstic regressio nwhen
testingfo r genetic linkage (86-87). The basic set-up for analyzing gene-environmert irteractionthr ough sibpair
analysis is sho wninTable 8. The dfference ofodds ratiosfor diseases betweenexpo sedand unexpo sedindividuals
are taken as anindi cation of gene-environmert interaction.

The sibpair method requires families with atlea s one a fiec ted member inaddtionto the proband This
requirement restric tsthe number of families for which thisanalytic method canbe used Because the affected relative-
par approachassumes Mendeliantransmissio s for expected distributio s, any de parture from independent
segregation and random asso rtment could affect the results. Fimlly, selection factors, includingsurvival, chr oni city,
and method ofcase ascer tainment, may substartially affec t the types o f case subjectsthat couldbe available for this
analysis (78, 86).

D. Twinstudies ingenc-environmert interaction
The premise behindtwinstudies is that, bec ause mono zym tic twins (MZ) have 100% oftheir genes in

common wherea s dzyg tic twins (DZ) have only 50% of'their genes incommon, an exc ess dsease concordance



among MZtwins may reflecta greater role of genetic factors. Several investigators have extendedthe classical twin
studyto test for gene-environmert irteraction (25, 88-89). For example, Ottman (25) develo peda methodto test for
gene-envi ronmert irnteraction ondisease riskconditio mal ontwinexposure statusand geno type. This method i nvolved
two mea sures o frelative risk 1) relative riskfo r disease among expo sed vs. unexpo sedcotwirns, stratifiedby zygo sity
and proband exposure sta tus (RR,), and 2) relatiwe riskfo r disease among MZvs DZcotwirs, stratifiedbyexpo sure
statusofthe proband and cotwi n (RR)). Ottmanthenexamiredthe behavior of the two mea sures under different
assumptio s about the relative effect ofexpo sure and geno type o ndisease. RR, reflec tsthe effect of exposure on
disease risk. When gene-envi ronmert interactionis presert, RR, is expectedto dffer betweenMZ and DZtwins
because oftheir different probabilitiesofhavingthe high risk geno type. RR, reflec tsthe effec t o f geno type o ndisease
risk. When gene-envi ronmert interactionis presert, RR, is expectedto dffer betweenexpo sedand unexpo sedtwirs.
Inanother study, investigators useda case-control designto calculate the odds ratios for disease among affected vs
unaffected cotwins and comparedthese o dk ratiosamongthe various strata definedbyexpo sure inthe indextwin
Gene-environmert interactionis indicatedbythe differencein odds ratio s bystratifiedemironmental exposures (89).
Recently other investigators extendedthe twinstudymethod by includingthe halfsiblings ina studyo f geretic and
environmental factorsinthe etiology ofdisease (90). Giventhe po ssible confoundi ng by sh ared environmental factors
(intrauterire and po stmtal )and selec tion factors, the effec ts o f gene-envi ronmert interaction obtained from twin

studes shouldbe interpreted with caution (1).

V.Some recent Developments

A. Linkage vs asso ciationstudies

Recently, investigators argnedthat traditio mal linkage analysis has limited power to detect genes with modest
effec ts, a ndsugeestedthatasso ciationstudies (Caseparental and affected sibpar studies describedinthisrevieware
forms o f asso ciationstudies) have mor e datigical power to detect genes o f modest effect(41, 91). The keylimitation
for asso ciationstudyis thattheactual gene or genes imvo lvedinthe disease must be tertativelyiderntifiedbefo re the
analysis canbe carried o ut (41). However, with the rapiddevelo pmert o f Human Gennome Projectandidentification
ofmajor variarts o f human genes, asso ciationstudies maybecome important methods o fthe future genetic analysis

ofcomplex traits and gene-envi ronmert irteraction.

B. Population-based family stu dy design
Recently, so me investigator s propo sedusinga multi-stage po pulation-based family studydesign, which
combires features o f familial genetic studies (linkage and se gregation) and po pulation-based asso ciationstudes. The

case-control familystudydesignis the most important part o fthe propo sedpo pulation-based family design The



investigator s sugestedthat gene-environmert interactionindisease etiology canbe incorporatedinthis studydesign

(92).

C. Variance compo rert approach

The variance compo rert approachhas beenusedmainlyinthe analysis o f familial aggregation for
quartitative traits (93-94). Recently, investigator s have extendedthe variance compo rert appr oach to theanalysis o f
dichotomoustraits (95) andto a studyo f the gene-gere (epistasis) irteractionin linkage analysis (96). Others have
disc ussedextendingthis appr oachto include gene-environmert irteractionin linkage analysis for both quartitative

and qual itative traits (97).

VIConclusion

Inthis paper we attemptedto provide an overviewo f bo th traditio ml and non-tradtio mal epidemiologic
approaches to studying gene-environmert irteraction There is little doult that studes o f complex traits inhuman will
assumea central place inthe future genetic analysis o f common human diseases (40). It is believedthat human
commondiseases are mor el kelyto imo lve multiple genes with modest effectsand gene-envi ronmert interaction
(37, 40). The modest effec tsofthese genes mayindicatethata larger proportion ofthe disease inthe po pulation may
be attributedto these geres.

With advanc esin genetic tec hnology andthe wo rk o fthe Human Ge nome Pr oject, methods o f studying gene-
envi ronmert irteraction will cortime to ew lve, andthe concept o f gene-environmert irteraction will becomea

central theme in epicemiologic studes thatassess causes o f humandisease inpo pulations.
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Table 1. A Simple Gene-Environment Interaction Model in the Context of Epidemiologic Studies

Cohort Study

Case-control study

Exposure Susceptibility Disease Risk Relative Risk Cases Controls Odds Ratio
(1=present, O=absent) | Gen otype

0 0 | 1 Ago Boo 1

0 1 IR, R, Ay Bos Rg=A01Boo/AcoBos
1 0 IR, Re Ao Big R.=A10Boo/AooB1o
1 1 IRge Rge A B, Rge=A11Boo/AcoB11

| refers to the background disease risk, incidence of disease among members of the cohort
who are not exposed to the environmental factor and who are genotype negative.

R. = disease risk among persons with the exposure without the genotype divided by disease risk among persons with no exposure and no susceptible genotype.
R, = disease risk among persons with the genotype without the exposure divided by disease risk among persons with no exposure and no susceptible genotype.

Rye = disease risk among persons with the exposure and genetype divided by disease risk among persons with no exposure and no susceptible genotype.




Table 2. Six Patterns of Gene-Environment Interaction

Effects on Disease Risk of
Patterns Genotype in absence of Environment in absence of
environment genotype

1 No effect R; =1 No effect R, =1

2 No effect R; =1 Increase risk R, > 1

3 Increase risk Ry > 1 No effect R, =1

4 Increase risk Ry > 1 Increase risk R, > 1

5 Decrease risk Ry < 1 No effect R, =1

6 Decrease risk R; < 1 Increase risk R, > 1

Source: Khoury et al. 1993 (24).

R. = disease risk among persons with the exposure without the genotype divided by disease risk among persons with no exposure
and no susceptible genotype.
R, = disease risk among persons with the genotype without the exposure divided by disease risk among persons with no exposure
and no susceptible genotype.



Table 3. Parameters of Gene-Environment Interaction Analysis in a Case-Control Design

Susceptibility

Exposure Genotype Cases Controls Odds Ratio

- - (1-a)(1-e) (1-g)(1-e) 1.0

3
- + a(l-e)R, g(1-e) Ry
3
+ - e(1-gR. e(1-g) Re
3
+ + geRge ge Ree
3
e = prevalence of exposure in the population.
g = prevalence of genotype in the population.

R. = disease risk among persons with the exposure without the genotype divided by disease risk among persons with no exposure
and no susceptible genotype.

R, = disease risk among persons with the genotype without the exposure divided by disease risk among persons with no exposure
and no susceptible genotype.

Ry = disease risk among persons with the exposure and genetype divided by disease risk among persons with no exposure and no
susceptible genotype.

3= (l'g)(l'e) + g(l'e)Rg + e(l'g)Re +geRge



Table 4. Characteristics of Case-Only, Case-Parental and Affected Sib-pair Studies

of exposure on
genotype. Linkage
disequilibrium.

parents. Cannot assess
exposure effects.
Linkage disequilibrium.

Feature Case-Only Case-Parental Control | Affected Relative-Pair
Study subjects Cases Cases and their parents | Proband, second case
in family, and parents
‘Controls’ None Expected genotype Expected distribution of
distribution based on alleles with Mendelian
parental genotypes transmission
Assessment Departure from Association between Linkage between locus
multiplicative genotype and disease and disease
relationship between
exposure and genotype
Assumptions Independence between Mendelian transmission | Mendelian transmission
genotype and exposure
Limitations Cannot assess effects Requires one or both Need families with 2 or

more cases. Cannot
assess exposure.
Cannot assess specific
alleles.

Source: Khoury, 1997 (1)




Table 5. Gene-Environment Interaction Analysis in the Context of a Case-Only Study

Exposure Susceptibility Genotype
- +
- a b
+ c d

a=((1-g)(1-e)/3
b=((1-g)eR,) /3
c=((1-e)gR,) / 3
d=(geRy.) /3

e = prevalence of exposure in the population.

g = prevalence of genotype in the population.

R. = disease risk among persons with the exposure without the genotype divided by disease risk among persons with no exposure and no
susceptible genotype.

R, = disease risk among persons with the genotype without the exposure divided by disease risk among persons with no exposure and no
susceptible genotype.

Ry = disease risk among persons with the exposure and genetype divided by disease risk among persons with no exposure and no
susceptible genotype.

3= (l'g)(l'e) + g(l'e)Rg + e(l'g)Re +geRge

Under assumption of independence between exposure and
genotype among controls: case-only odds ratio (OR_,)= ad/bc. OR_, is related to case-control ORs by OR., = Ry/(R.*Ry).



Table 6. Case-Control Analysis of the Interaction Between Maternal Cigarette Smoking and
Transforming Growth Factor Alpha Polymorphism in Determining Children’s Risk for Cleft Palate

Smoking Taql Cases Controls Odds 95% C.I.
Polymorphism Ratio

- - 36 167 1.0 Referent

- + 7 34 1.0 0.3-2.4

+ - 13 69 0.9 0.4-1.8

+ + 13 11 55 2.1-14.6

Sources: it is derived from Hwang et al. (42).
Odds ratio based on a case-only study is 5.1 (95% CI 1.5-18.5)(36 * 13)/(13 * 7).



Table 7. Gene-Environment Interaction Analysis in the Context of a Case-Parental Control Study:
Analysis of Nontransmitted Alleles

Exposure status: Absent Case genotype
S +
Parental non- - T, U,
transmitted
alleles
+ Vo W
OR among unexposed people 1 Uo/Vo
Exposure status: Present Case genotype
S +
Parental - T, U,
non-transmitted
alleles
+ \A W,
OR among exposed people 1 U./V,;

Source: Khoury and Flanders, 1996 (34).



Table 8. Gene-Environment Interaction Analysis in the Context of an Affected Sib-Pair Study

No. Alleles Unexposed Exposed Expected Odds Odds

ibd with case case Ratio Ratio
proband (unexposed) (exposed)
0 Ago Ay 0.25 1.0 1.0

1 A A, 0.50 Ao/2Aq Ail2Ay

2 Az Ax 0.25 Aol Ay At/ Aoy

Source: Khoury, 1997 (1).



